Introduction
Since the demand of improved steel cleanliness increases year by year, control of inclusions is always one of the main tasks of steelmakers. 1, 2) As an essential refining vessel, the continuous casting tundish shows good metallurgical functions for regulating the flow pattern of the molten steel and the removal of inclusion. [3] [4] [5] [6] Technologies for improving the removal of inclusions in the tundish have been traditionally studied as prerequisites for the manufacturing of clean steel products. Tundish is also known to cause the contamination of the molten steel by a complicated combination of various factors, including entrainment of ladle slag, reaction with tundish cover powders, erosion of refractories, reaction with ladle well packing materials and air absorption. 7, 8) Protection of the molten steel in tundish against contamination is of special importance to not only improve steel product quality, but also avoid the clogging of the submerged entry nozzle and correspondingly increase the number of sequence-cast heats. 9) Reoxidation during continuous casting is defined as the reaction of elements in the molten steel and oxygen during pouring of the killed steel from the ladle to the mold. 10) Reoxidation in tundish might lead to the increase of steel oxygen level, the generation of large exogenous inclusions
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(Received on December 4, 2015 ; accepted on December 24, 2015) In the current study, steel samples in continuous casting tundish were taken at every 5-10 minutes to investigate the reoxidation behavior and inclusions in Si-killed stainless steel in the tundish during a casting sequence with three heats. Contours were employed to clearly illustrate the distribution of number density, diameter and area fraction of inclusions in composition ternary diagrams. After reoxidation of Si-killed stainless steel, [Al] and [Ca] in the steel were oxidized and decreased to extremely low levels in the reoxidized region of the molten steel. A large number of MnO-riched small inclusions as transitional products were generated by the oxidation of high [Mn] , and gradually decreased. The population density function (PDF) of inclusions tended to a power law type function (f(r) = 4. and nozzle clogging. 11) Oxygen may come from the surrounding atmosphere, slag, refractories, i.e. 12) Air oxidation of the molten steel is the biggest factor of reoxidation in the tundish. The molten steel teemed from the first ladle to an actual tundish was divided into cast start (initial teeming stage) and steady casting (stable casting stage). The level of the molten steel surface increased in the tundish was taken as cast start, and the period after the start of teeming and thereafter during which the chemical composition of the molten steel in the tundish roughly becomes constant is taken as steady casting.
7) The steel cleanliness in terms of the size, amount, composition and morphology of inclusions is closely influenced by steel reoxidation. 12, 13) The fraction of different phases in an inclusion and the composition of inclusions can be predicted as a function of the temperature and oxygen content of steel using thermodynamic software. 14) For non-killed steels, oxides are not formed in molten steel during reoxidaiton, since it contains no reactive alloying elements with oxygen. 15) For Al-killed steels, the dissolved aluminum ([Al]) is reoxidized to form alumina inclusions. Commonly, there is a drop of [Al] content and an increase of the total oxygen (T.O.) during reoxidation of casting.
2) Additionally, reoxidation in tundish converted the well modified liquid calcium aluminates into solid Al 2 O 3 -riched inclusions, which are more likely to cause nozzle clogging than pure Al 2 O 3 inclusions, and the amount of inclusion dramatically increases. 16) Morphologies of alumina have been observed in steel with different estimated local oxygen activities and [Al] concentrations. 17) The formation, growth and clustering of oxides were quantified on the molten Al-killed steel at different oxygen partial pressure, gas flow rate and temperature. It was reported that the consumption of oxidizing elements was linearly proportional to the oxygen partial pressure. [18] [19] [20] Furthermore, the evolution of inclusions during reoxidation could be predicted using the concept of population density function (PDF). 21) Most of studies on the negative influence of reoxidation mainly focus on the variation of the composition of inclusions and the molten steel during reoxidation of Al-killed steel. Whereas, there are few reports on reoxidation behavior of Si-killed steels. In the current study, steel samples of Si-killed stainless steels in tundish during a casting sequence with three heats were extensively taken at every 5-10 minutes. The evolution of steel composition and inclusion characteristics in tundish were evaluated. Eespecially, the changes of Al 2 O 3 and MnO content in inclusions were discussed combining experimental results and thermodynamic calculation.
Industrial Trials and Analysis Methodology
In the current study, Si-killed stainless steels without calcium treatment was teemed from a 120-ton ladle into a 35-ton tundish, and then poured into a single strand continuous mold. Slag powders were added to the tundish to cover the surface of the molten steel at cast start. The temperature of cast start was 1 773 K. To investigate the reoxidation behavior of the molten steel teemed from the ladle into the tundish, steel samples from a casting sequence with three heats were taken every 5-10 minutes (Fig. 1) and quenched in water. Samplers were made of stainless steel with a 35 mm inner diameter and a 60 mm height. Each sample was sectioned into two parts. One was mounted and polished for the analysis of inclusions using automated SEM/EDS inclusion analysis (ASPEX) and the other for the chemical analysis of the steel. At least 2 000 inclusions on each sample were detected using ASPEX to obtain the amount, composition, size and spatial distribution of inclusions. In the current work, the working magnification of ASPEX was set at × 400 and the minimum detectable size of inclusions is 1.0 μm. Figure 3 shows the evolution of the average diameter and number density of inclusions. At cast start of the first heat, the size of inclusions was the smallest, and then had an increasing tendency and reached a maximum value during pouring process in the first heat, which might correspond to the fact that large inclusions were introduced by serious slag entrainment at cast start. The average size of inclusions in the first heat, 2.3 μm, was much larger than that of the second heat, 1.6 μm. Moreover, slag entrainment occured during ladle change. Therefore, the size of inclusions in the first four samples in the second heat gradually decreased. The size of inclusions of the third heat had a rising trend with time increasing since slag entrainment and air reoxidation more likely occurred near the end of a casting sequence, leading to reoxidation problems. The number density of inclusions severally declined with time in the first two heats since new inclusions were generated during unsteady state casting including cast start and ladle change. Ladle slag might enter the tundish at the end of a ladle due in part to the vortex formed in the liquid steel near the ladle exit. As a consequence, the number density of inclusions had an increase tendency near the end of pouring.
Evolution of Average Features of Inclusions
In the current study, the detected inclusions mainly consisted of Al 2 Fig. 2 . This phenomenon in Si-killed stainless steel was significantly different from that of Al-killed stainless steel. The variation of CaO in inclusions with time was similar to that of Al 2 O 3 since the elements of Ca and Al were so reactive and their contents were extremely low. The MnO content in inclusions during cast start and ladle change distinctly rose up compared to that during steady state casting. The evolutions of SiO 2 and MnO in inclusions were similar except that the SiO 2 content rose up near the end of pouring due to slag entrainment.
Evolution of Three-dimentional (3D) Size Distribution of Inclusions
The two-dimentional (2D) size distribution of inclusions on cross sections of steel samples data was converted into reconstructed 3D size populations, using CSD Corrections v.1.40. 22) The correction routine employed a regular stripping, modified by a chosen shape parameter (relative axis lengths and roundness of particles) as well as potential sample anisotropy. The stereologically corrected PDF were calculated for all populations of inclusions using this method and plotted against the equivalent diameter of inclusions, a standard plotting procedure on which phenomenologically and genetically distinct distribution functions can most easily be discriminated. 23) For traditional histograms, the size distribution of inclusions depends on the choice of the bins. While, PDF of inclusions with various bins are identical, providing a better way to display the size distribution. 21) Ohta and Suito 21, 24) found that the MnO-SiO 2 inclu- sions smaller than 1.0 μm are formed in the rapidly cooled sample during solidification as secondary inclusions. While, the size distribution curve of MnO-SiO 2 inclusions larger than 1.0 μm correspond to that of primary oxide particles in samples without reoxidation. Since the samples were also rapidly cooled in the current experiments and the minimum detectable size of inclusions is 1.0 μm, it is believed that the detected inclusions in steel should be mostly maintained without significant transformation during cooling and solidification process. The PDFs of inclusions are shown in Fig. 5 . The shapes of PDF of inclusions with equilibrium and nonequilibrium reaction should be power-law type and lognormal type. 21) Distinctly, a nearly power-law type PDF was achieved for the second heat in Fig. 5(b) , indicating that inclusions were hardly influenced by reoxidation in the second heat. Meanwhile, the PDFs of all samples in the second heat were very similar. Based on the average PDF of all samples in the second heat, the linear base-line, approximating a power-law distribution, was derived and the reference line was also inserted to the plots in Figs. 5(a) and 5(c). PDFs of inclusions in the current Si-killed steel were replotted by normalizing onto the reference line in Eq.
(1) that differed from that of Al-killed steels. where f(r) is the population density function, and r is the equivalent diameter of inclusions. PDFs of inclusions in the first and third heats were lognormal type, implying that reoxidation occurred in these heats. The lognormal-shaped deviations of PDFs from the reference-line were related to the reoxidation behavior during pouring in tundish. It was noted that populations of 1-2 μm small inclusions (the inclusions between 1 μm and 2 μm) in the first sample of the first and third heats , i.e., samples at casting time of 5 and 135 min, were distinctly more than that of other samples, indicating the formation of small endogenous inclusions during cast start and ladle change due to reoxidation. Since small inclusions collided each other inclusions and with other ones, there were less 1-2 μm small inclusions but more inclusions between 2 μm and 10 μm observed in samples of the first and third heats. Moreover, more inclusions larger than 10 μm were detected in the first and end samples of each heat, which generated hardly by collision but by likely slag entrainment.
Evolution of Detailed Composition and Size of
Inclusions The CaO and MnO contents in Al 2 O 3 -SiO 2 -CaO-MnO inclusions inclusions were compared to statistic analysis inclusions. The inclusions with higher CaO and higher MnO contents were plotted in Al 2 O 3 -SiO 2 -CaO and Al 2 O 3 -SiO 2 -MnO diagrams, respectively. The method was widely used to illustrate the composition distribution of multicomponent inclusions. 25, 26) The inclusions in the typical samples with the highest T.O. at casting time of 10 min (sample No. 1-2) and with the lowest T.O. at casting time of 55 min (sample No. 1-7) in the first ladle were plotted onto the cast start and steady casting diagrams in Figs. 6-9 , severally. Inclusions with composition in the traditional diagrams may be overlapped if their compositions are the same, as shown in Fig. 6 . Therefore, to clearly illustrate the composition distribution of inclusions, the ternary composition diagram was divided into 400 congruent nonoverlapping triangles (with a 5% increment of one of the three components across the width of each triangle) and the number density, diameter and area fraction of inclusions with compositions in each triangle with a spreadsheet were counted or averaged. Then, statistic contours were drawn in composition ternary diagram. Figure 7 show the distribution of the number density of inclusions in composition ternary diagrams. At cast start of the first heat, a large number of MnO-riched SiO 2 -MnO(-Al 2 O 3 ) inclusions were generated during reoxidation of the molten steel, as illustrated in Fig. 7(a) . The maximum number density of inclusions was over 1.0 per mm 2 . In Fig.  7(b) , the composition during steady casting trended to shift to the center of Al 2 O 3 -SiO 2 -MnO and Al 2 O 3 -SiO 2 -CaO ternary diagrams. Meanwhile, the maximum number density of inclusions was lowered to 0.5 per mm 2 . The diameter distribution of inclusions in composition ternary diagrams is shown in Fig. 8 . At cast start in Fig. 8(a) , the composition of inclusions larger than 5 μm were located in the center and the Al 2 O 3 corner of Al 2 O 3 -SiO 2 -MnO ternary diagram. There was few inclusions generated in Al 2 O 3 -SiO 2 -CaO ter- nary diagram. As shown in Fig. 8(b) , during steady casting, the region of inclusions larger than 3 μm moved to the line of SiO 2 -MnO. Additionally, more Al 2 O 3 -SiO 2 -CaO inclusions smaller than 2μm were detected. Figure 9 shows the distribution of inclusion area fraction in composition ternary diagrams. The area fraction of inclusions at cast start was larger than that during steady casting, demonstrating a fact that steel cleanliness was significantly affected by reoxidation. Furthermore, the majority of inclusion area fraction was located in Al 2 O 3 -SiO 2 -MnO ternary diagrams at cast start, and more tended to Al 2 O 3 -SiO 2 -CaO inclusions during steady casting process. As discussed in Fig. 9 , the average composition of inclusions shows an interesting feature that the variation of MnO in inclusions with time precisely had an opposite trend with that of Al 2 O 3 . Figure 10 shows the relationship between the size of inclusions and the MnO content of inclusions in tundish. At cast start in Fig. 10(a) , the MnO content of inclusions was lowered with the increase of inclusion diameter. It was noted that most of small inclusions concentrated on high MnO content region, implying that the occurrence of reoxidation of [Mn] in the molten steel led to the formation of tiny MnO-riched inclusions. Nevertheless, larger inclusions contained higher MnO content during steady casting, as shown in Fig. 10(b) . The relationship between the size of inclusions and the SiO 2 content of inclusions in tundish is shown in Fig. 11 . At cast start in Fig. 11(a) , the SiO 2 content of inclusions slightly reduced with an increase of inclusion diameter at cast start, which was a little higher than that during steady casting in Fig. 11(b) . Thus, the generated small inclusions during reoxidation contained more SiO 2 . The variation of Al 2 O 3 and CaO in inclusions with their size at cast start and during steady casting was opposite to that of MnO in inclusions, as shown in Figs. 12 and 13 . At cast start in Figs. 12(a) and 13(a) Figure 14 shows the elemental mapping of typical inclusions in tundish. For small inclusions in Figs. 14(a) and  14(b) , the distribution of Al, Si and Ca elements in inclusions was homogeneous. It was noted that, from cast start to steady casting, the MnO in inclusions was decreased a lot and Al 2 O 3 and CaO in inclusions was increased a lot. In Figs. 14(c) and 14(d) , the distribution of Al, Si and Ca elements in large inclusions were uniform. It was observed that the Mn concentration in the outer layer of the inclusion was significantly higher than that of the core at cast start, as shown in Fig. 14(c) , indicating that MnO diffused from the surface to the center of the inclusion. Simultaneously, it was demonstrated that the formation of MnO in inclusions was caused by reoxidation during unsteady state casting. Compared with the large inclusion at cast start, the concentration of Al 2 O 3 and CaO in inclusions in Fig. 14(d) increased and MnO disappeared, illustrating MnO were reduced by [Al] and [Ca] in the molten steel during casting process. The information of in Fig. 14 agreed well with that in Figs. 10-13 . Figure 15 shows typical inclusions during reoxidation of Si-deoxidized stainless steel. The composition of the observed inclusion larger than 20 μm basically identifies with inclusion composition listed in Table 1 . Consequently, the observed inclusion is considered to be an endogenous inclusion pre-existing before reoxidation. The large inclusion contains less than 20% MnO. MnO content of 1-2 μm small inclusions exceeded 50%. Hencely, the small inclusions are identified as newly generated inclusions during reoxidation. It is noted that small inclusions with dark colour and the outer layer of the large inclusion with dark colour contain more MnO than the core phase of the large inclusion with light colour. Furthermore, the large inclusion likely collides and aggregates with surrounding small inclusions, which illustrates the phenomenon of formation of MnO-riched layer of the inclusion in Fig. 14(c) .
Evolution Mechanism of Inclusions due to Reoxidation in Tundish
In the current study, the software Factsage 6.4 with FactPS and FToxid and FTmisc databases was employed to predict the composition of inclusions during reoxidation of stainless steel in tundish at 1 773 K, as shown in Fig. 16 . The assumed initial steel composition and aver- age composition of inclusions, based on the composition before casting listed in Table 1 , were fixed except for the initial [Al] . The oxygen from reoxidation was assumed to 20 -140 ppm. In Fig. 16(a (Fig. 16(b) ), the amount of the formed Al 2 O 3 in inclusions exceeded that of MnO. Figure 16( Evolution mechanism of large inclusions during reoxidation of Si-killed stainless steel can be illustrated in Fig. 17 . The dark color and the light color mean the high and low content of MnO in inclusions, respectively. It is generally recognized that molten stainless steel does absorb nitrogen but does not absorb oxygen because scum forms as soon as molten steel is in contact with oxygen. , that appeared to be a fundamental feature of the Si-killed stainless steel. The lognormal type PDFs of inclusions in the first and third heats implied the reoxidation in these heats. Small inclusions were promptly generated and large exogenous inclusions were introduced by slag entrainment at cast start and during ladle change.
Conclusions
(3) The composition of inclusions during reoxidation in tundish at 1 773 K was distinctly influenced by [Al] in the molten steel. As an increase of the reacted oxygen, the increase rate of MnO and SiO 2 content in liquid inclusions were much faster than that of Al 2 O 3 and CaO in Si-killed stainless steel, while solid inclusions became predominant and were transfered from CaO·2Al 2 O 3 to CaO·6Al 2 O 3 to Al 2 O 3 in Al-killed stainless steel.
(4) After reoxidation of Si-killed stainless steel, [Al] and [Ca] in the steel are oxidized and decreased to extremely low levels in the reoxidized region of the molten steel. A large number of MnO-riched 1-2 μm small inclusions as transitional products were generated by the oxidation of high [Mn] , and gradually decreased from cast start to steady casting.
